Lead-acid batteries are currently the most popular for direct current (DC) power in power plants. They are also the most widely used electric energy storage device but too much space is needed to increase energy storage. Lithium-ion batteries have a higher energy density, allowing them to store more energy than other types of batteries. The purpose of this paper is to elaborate on the factors affecting the capacity design of lithium-ion stationary batteries. Factors that need to be considered in calculating the capacity of stationary lithium-ion batteries are investigated and reviewed, and based on the results, a method of calculating capacity of stationary lithium-ion batteries for industrial use is proposed. In addition, the capacity and area required for replacing the lead-acid batteries for nuclear power plants with lithium-ion batteries are reviewed as part of this case study.
Introduction
As a result of competitive research and development efforts around the world, the development of high-capacity and high-performance energy storage systems (ESSs) is accelerating. Since the advent of lithium-ion batteries in 1991, they are widely applied to energy storage devices. In the early days, it was widely used in portable electronic devices. In recent years, however, the application of ESS in electric vehicles and renewable energy plants has been expanding rapidly. However, while industrial standards for sizing existing stationary batteries such as lead-acid batteries and nickel cadmium batteries are established, industrial standards for sizing lithium-ion stationary batteries are still under development.
IEC 62619-2017, 'Safety requirements for secondary lithium cells and batteries, for use in industrial applications' and IEC 62620-2014, 'Secondary cells and batteries containing alkaline or other non-acid electrolytes' are recently established international standards for stationary lithium-ion batteries. However, IEC 62619 and 62620 do not cover the capacity sizing method of lithium-ion stationary batteries. The Korea electric association published Korea electric power industry code (KEPIC) EEG 1400, 'Installation design and installation of lithium-ion batteries for station applications' on 31 December 2017. KEPIC EEG 1400 describes how to decide the size of the lithium-ion stationary batteries but does not take into account all the characteristics of lithium-ion batteries.
The author has proposed a formula for selecting the capacity of lithium-ion stationary batteries for establishing industrial design standards essential for the design and installation of stationary batteries in nuclear power plants [1] . As a further study, the purpose of this paper is to consider the characteristics of battery cell voltage, one of the factors affecting the calculation of battery specifications, and to suggest how to apply the voltage factor in the calculation of battery capacity. Research on capacity fade mechanisms and performance degradation of lithium-ion batteries is being carried out by many researchers [2] [3] [4] [5] . The results of such research are an important factor in predicting battery life. However, this study assumes that the battery is replaced when the battery capacity decreases below a predetermined level than its rated capacity.
A case study was performed for the comparison of lithium-ion batteries and lead-acid batteries. The 125 V DC system of a pressurized water reactor (PWR) nuclear power plant was selected as a case. That is because the nuclear energy institute (NEI) raised the need to extend battery backup times to last at least 24 h [6] .
Factors Affecting Capacity Design of Lithium-ion Batteries

Nominal Voltage
Lithium-ion batteries are composed of cells employing lithium intercalation compounds as positive and negative materials. Lithium-ion batteries can be manufactured using lithium cobalt oxide (LiCoO 2 or LCO), manganese oxide (LiMn 2 O 4 or LMO), lithium nickel manganese cobalt oxide (LiNiMnCoO 2 or NMC), lithium iron phosphate (LiFePO 4 ), lithium titanate (Li 4 Ti 5 O 12 ), and lithium nickel cobalt aluminum oxide (LiNiCoAlO 2 ) as shown in Table 1 [7]. Various sizes and shapes are produced by different manufacturers. A single cell typically operates in the range of 2.5 V to 4.2 V. The lithium-ion battery output voltage varies during discharging. Nominal voltage is the voltage that is measured when the battery has discharged 50% of its total energy based on a 0.2 C discharge rate. Because the energy of the battery depends on the product of the voltage and the capacity, a battery with a high energy density is obtained from a material with a high voltage and a large capacity [8] .
Charging Voltage and State of Capacity
In general, stationary batteries are operated with floating charging, and discharge to the loads when the charging source is interrupted. There is a roughly linear relationship between the state of charge (SOC) of lead-acid batteries and the voltage of the open circuit (OCV). Unlike lead-acid batteries, lithium-ion batteries have no linear relationship between OCV and SOC [9] . The SOC of a battery is defined as the ratio of its current capacity (Qt) to the nominal capacity (Qn). The nominal or rated capacity (Ah) of a battery is defined as the maximum Ah a fully charged battery can discharge under certain specific conditions. These conditions include the battery's end voltage, discharge current, and temperature.
Most batteries have a distinct charge voltage. At voltages below that distinct voltage, the battery is not charged, and if the charge voltage is slightly higher than the distinct charge voltage, the battery is fully charged, although it may take a long time. However, lithium-ion (lithium-ion, lithium polymer, lithium-ion phosphate, etc.) batteries are not the same as other types of batteries. The amount of charging depends on the voltage as shown in Figure 1 [10] . Continuing to charge a fully charged battery could cause a fire due to overcharging. Recently in Korea, there have been frequent fires in the ESS (energy storage system) operating in conjunction with solar power. Therefore, the manufacturer recommended that customers limit the amount of charge below a certain level to prevent overcharging until the causes of the fire are verified. 
Charging Process and Voltage
There are several methods of lithium-ion battery charging. They are the trickle charging, fivestep charging, pulse charging, and boost charging methods. One of the most renowned charging methods is trickle charging [11] . Trickle charging refers to charging a fully charged battery at the same rate as the self-discharge rate thus that the battery can maintain a full charge level. However, lithium-ion batteries cannot be trickle charged safely. In that case, the charging circuit controls the electrical conditions during charging to match the requirements of the battery chemistry. The graph in Figure 2 [12] shows the behavior of a constant current/constant voltage (CCCV) charging process of a lithium-ion battery cell. The charger limits the amount of current to a pre-set level until the battery reaches a pre-set cut-off voltage level. The current then reduces as the battery becomes fully charged. This system allows fast charging without the risk of over-charging. 
There are several methods of lithium-ion battery charging. They are the trickle charging, five-step charging, pulse charging, and boost charging methods. One of the most renowned charging methods is trickle charging [11] . Trickle charging refers to charging a fully charged battery at the same rate as the self-discharge rate thus that the battery can maintain a full charge level. However, lithium-ion batteries cannot be trickle charged safely. In that case, the charging circuit controls the electrical conditions during charging to match the requirements of the battery chemistry. The graph in Figure 2 [12] shows the behavior of a constant current/constant voltage (CCCV) charging process of a lithium-ion battery cell. The charger limits the amount of current to a pre-set level until the battery reaches a pre-set cut-off voltage level. The current then reduces as the battery becomes fully charged. This system allows fast charging without the risk of over-charging. 
Float Charging Voltage
The float voltage is a voltage that maintains the charge state of the battery after being fully charged by compensating the self-discharge. The appropriate float voltage will vary greatly depending on the chemistry and structure of the battery and the ambient temperature [13] .
Whereas lead-acid, NiCd and NiMH cells are designed to be able to make a recombination; lithium-ion cells cannot. When a lead-acid battery is overcharged, the positive plate generates oxygen and the negative plate produces hydrogen gas. Then, oxygen and hydrogen make the recombination and convert into water.
. However, any current forced into a fully-charged lithium-ion damages it and/or reduces its cell life. In the wake of frequent lithium-ion battery type energy storage system (ESS) fire accidents, battery manufacturers have recommended lowering the SOC ceiling from 90% to 70%. Because lithium-ion cells are degraded irreversibly by overcharge or over discharge and may vent if overcharged, lithium-ion batteries typically employ battery management circuitry to maintain charging voltage less than the cut-off voltage and prevent overcharging [14] .
On the other hand, according to the experiment in reference [15] , the LiFePO 4 cathode battery retained 70% of its initial discharge capacity after a 24-month float charge test. The capacity reduction rate increased with increasing temperature, and the capacity dropped to 60% of the initial value after one month of float charging test performed at 55 • C. Therefore, both the float charge voltage and float charge time must be taken into account when determining the required capacity of a lithium-ion stationary battery.
Discharge Current and Discharge Capacity
The discharge capacity of the lead-acid battery varies with the discharge current due to the Peukert formula k constant. The larger the discharge current, the greater the difference in discharge capacity. In other words, the discharge capacity of a lead-acid battery exponentially decreases at high currents as shown in Figure 3 [16] .
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=
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Operating Temperature and Discharge Capacity
Lithium-ion batteries are capable of operating over a relatively wide temperature range as listed in Table 2 [18] . In addition, it is more affected by temperature during charging than discharging. 
Battery Type
Lithium-Ion Lead-Acid NiMH Energy density (Wh/kg)
Charging performance deteriorates at extremely low or high temperatures. Lead-acid batteries can be charged at below 0 °C. However, the recommended charging current is 0.3 C. The higher the temperature, the greater the discharge capacity of lead-acid batteries as listed in " Table 1 . Cell size correction factors for temperature" of IEEE Std. 485-1997 [19] . All batteries achieve optimal service life when used at 20 °C temperature or slightly lower. At 40 °C, the loss increases by as much as 40%, and when charged and discharged at 45 °C, the cycle life is only half of the expected lifetime at 20 °C. The performance of all batteries drops greatly at low temperatures. At 0 °C, the temperature loss of the lithium-ion battery is about 10~20 percent of its rated capacity at 25 °C. Figure 5 may be used for preliminary input data [20] . The lithium-ion battery is degraded at above 35 °C, especially beyond 50 °C [21] . 
Operating Temperature and Discharge Capacity
Battery Type
Lithium-Ion Lead-Acid NiMH
Charging performance deteriorates at extremely low or high temperatures. Lead-acid batteries can be charged at below 0 • C. However, the recommended charging current is 0.3 C. The higher the temperature, the greater the discharge capacity of lead-acid batteries as listed in " Table 1 . Cell size correction factors for temperature" of IEEE Std. 485-1997 [19] . All batteries achieve optimal service life when used at 20 • C temperature or slightly lower. At 40 • C, the loss increases by as much as 40%, and when charged and discharged at 45 • C, the cycle life is only half of the expected lifetime at 20 • C. The performance of all batteries drops greatly at low temperatures. At 0 • C, the temperature loss of the lithium-ion battery is about 10~20 percent of its rated capacity at 25 • C. Figure 5 may be used for preliminary input data [20] . The lithium-ion battery is degraded at above 35 • C, especially beyond 50 • C [21] . According to an experiment where a graphite/LiNixCoyMnzO2 cell with a nominal voltage of 3.6 V and nominal capacity 2.5 Ah was tested, predicting the battery capacity from the ambient temperature is possible. Figure 6 [22] is the temperature vs. discharge capacity curve plotted through the interpolation. Due to the slow diffusion in the battery, the effect of temperature on the battery takes a long time to appear. Therefore, it is more reasonable to predict the battery capacity from the ambient temperature than from the battery temperature.
Meanwhile, regarding the relation between temperature and discharge capacity, Figure 7 [23] shows the battery OCV-SOC curves at temperatures of 45 °C, 25 °C, 0 °C, and −20 °C. The OCV-SOC curve is very different, especially under the influence of high and low temperatures. In the diagram, the higher the ambient temperature, the lower the battery's discharge cut-off voltage, the greater the battery's discharge capacity. The OCV-SOC characteristic curve represents the overall downward shift. Conversely, the lower the ambient temperature, the higher the battery's discharge cut-off voltage, producing more battery power that cannot be released. According to an experiment where a graphite/LiNixCoyMnzO 2 cell with a nominal voltage of 3.6 V and nominal capacity 2.5 Ah was tested, predicting the battery capacity from the ambient temperature is possible. Figure 6 [22] is the temperature vs. discharge capacity curve plotted through the interpolation. Due to the slow diffusion in the battery, the effect of temperature on the battery takes a long time to appear. Therefore, it is more reasonable to predict the battery capacity from the ambient temperature than from the battery temperature.
Meanwhile, regarding the relation between temperature and discharge capacity, Figure 7 [23] shows the battery OCV-SOC curves at temperatures of 45 • C, 25 • C, 0 • C, and −20 • C. The OCV-SOC curve is very different, especially under the influence of high and low temperatures. In the diagram, the higher the ambient temperature, the lower the battery's discharge cut-off voltage, the greater the battery's discharge capacity. The OCV-SOC characteristic curve represents the overall downward shift. Conversely, the lower the ambient temperature, the higher the battery's discharge cut-off voltage, producing more battery power that cannot be released. According to an experiment where a graphite/LiNixCoyMnzO2 cell with a nominal voltage of 3.6 V and nominal capacity 2.5 Ah was tested, predicting the battery capacity from the ambient temperature is possible. Figure 6 [22] is the temperature vs. discharge capacity curve plotted through the interpolation. Due to the slow diffusion in the battery, the effect of temperature on the battery takes a long time to appear. Therefore, it is more reasonable to predict the battery capacity from the ambient temperature than from the battery temperature.
Meanwhile, regarding the relation between temperature and discharge capacity, Figure 7 [23] shows the battery OCV-SOC curves at temperatures of 45 °C, 25 °C, 0 °C, and −20 °C. The OCV-SOC curve is very different, especially under the influence of high and low temperatures. In the diagram, the higher the ambient temperature, the lower the battery's discharge cut-off voltage, the greater the battery's discharge capacity. The OCV-SOC characteristic curve represents the overall downward shift. Conversely, the lower the ambient temperature, the higher the battery's discharge cut-off voltage, producing more battery power that cannot be released. 
Charging Cycle and Capacity Retention
The differences in test conditions and profiles can clearly have a significant effect on the cycling results. Most batteries, including lithium-ion, are known to prefer a moderate current in a constant discharge rather than a pulse or momentary high load. The cycling results of the related previous studies for lithium batteries indicated that load-leveling of the battery reduces the rate of degradation for both Ah capacity and resistance. However, recent test data indicated that the modules degraded more rapidly with constant current cycling than when using the dynamic pulse profiles as shown in Figure 8 [24] . Another experiment tested with nickel manganese cobalt oxide-type lithium-ion cell (Li(Ni1/3Mn1/3Co1/3)O2) shows the different capacity retention result after cycling depends on discharge current and room temperature as shown in Figure 9 [25] . Therefore, clarifying the uncertainty about the effect of the load profile on battery life is especially important with respect to the sizing of lithium-ion fixed batteries. 
The differences in test conditions and profiles can clearly have a significant effect on the cycling results. Most batteries, including lithium-ion, are known to prefer a moderate current in a constant discharge rather than a pulse or momentary high load. The cycling results of the related previous studies for lithium batteries indicated that load-leveling of the battery reduces the rate of degradation for both Ah capacity and resistance. However, recent test data indicated that the modules degraded more rapidly with constant current cycling than when using the dynamic pulse profiles as shown in Figure 8 [24] . Another experiment tested with nickel manganese cobalt oxide-type lithium-ion cell (Li(Ni 1/3 Mn 1/3 Co 1/3 )O 2 ) shows the different capacity retention result after cycling depends on discharge current and room temperature as shown in Figure 9 [25] . Therefore, clarifying the uncertainty about the effect of the load profile on battery life is especially important with respect to the sizing of lithium-ion fixed batteries. 
Calculation of Lithium-ion Battery Capacity
Related Industrial Standards
The DC battery system of nuclear power plants should comply with the requirements of the IEEE std. 946 [26] for the numbers of batteries, IEEE std. 384 [27] for the separation requirements, and regulatory guide RG1.75 [28] for other requirements. The capacity of a lead-acid battery was decided in accordance with the IEEE std. 485 [19] . However, international industrial standards for the stationary lithium-ion battery capacity sizing is not yet established. Recently Korea electric industry code (KEPIC) EEG 1400 [29] was issued and it is the only standard for the sizing and installation of stationary lithium-ion batteries. However, it does not take into account the state of charge (SOC) characteristics and has insufficient information and guidance provided for the application of the code. Therefore, this paper elaborated on the factors that affected the discharge capacity of lithium-ion batteries for the sizing of stationary lithium-ion batteries. The following is the lithium-ion stationary battery capacity sizing formula developed in a previous study [1] . In addition, the case study result is described in Section 4.
Battery Capacity Calculation Formula
The following is the capacity and dimension sizing method for the lithium-ion battery proposed in the paper [1].
Fs = Fd × Sf
where
Fs is the capacity required by DC loads [Wh];
Fd is the battery capacity uncorrected for temperature, aging, and design margin etc.; Sf is the capacity correction factor And,
where 
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Battery Capacity Calculation Formula
The following is the capacity and dimension sizing method for the lithium-ion battery proposed in the paper [1] .
where F s is the capacity required by DC loads [Wh]; F d is the battery capacity uncorrected for temperature, aging, and design margin etc.; S f is the capacity correction factor.
And,
where d f is the design margin; t f is the temperature correction factor; c f is the state of charge (SOC) correction; a f is the aging compensation; i f is the inverter loss (for UPS battery only).
The capacity correction factors were estimated as below. The design margin (d f ) is the margin which is required to cover unknown or unverified DC loads. The recommended design margin for the stationary battery is specified in IEEE 485.
Batteries are sensitive to environmental temperatures. The temperature correction factor (t f ) was decided based on the postulated lowest operating condition.
The SOC of the lithium-ion battery varied with the charging voltage as shown in Figure 1 . The stationary battery was operated with a floating charging mode during normal operation. Therefore, the discharge capacity of the lithium-ion battery was affected by the floating charging voltage. The battery end voltage must also be considered when determining the SOC correction factor (c f ). Battery rated capacity was the total discharged capacity when the battery is discharged until the battery voltage is decreased to nominal voltage.
Battery capacity retention (%) was decreased with the increment of the cycle number as shown in Figures 8 and 9 . Therefore, battery capacity should be monitored by conducting a performance test. Normally, this is done within the first two years of service for comparison purposes to check if the results are similar in duration to the battery duty cycle [30] . If the battery is replaced when the discharge capacity of the battery reaches 80% of the manufacture's rating, then the aging compensation factor is 25%.
Case Study for Lithium-ion Battery Capacity Sizing
Non-Safety Related 125 V DC Batteries for a Nuclear Power Plant
A redundant DC 125 V system is installed for safety and non-safety DC loads of nuclear power plants. Redundant 250 V DC system is installed for non-safety large loads such as DC energy motors for turbines and generators. Table 3 shows the load profiles of the non-safety DC 125 V system for a PWR nuclear power plant. Equipment qualification is required for the safety related DC batteries, but equipment qualification is out of the scope of this paper. Therefore, a non-safety related DC 125 V battery was selected for the sample calculation in this paper. where each correction factor was applied as below: d f : 10%, t f : 5%, c f : 10%, a f : 25%, i f : 0% For the unverified DC loads, the design margin (d f ) was assumed to be 10% according to the general practice of the power plant design project if there was no specific requirement by the client. The temperature of the battery room was kept at 25 • C, but the temperature correction factor (t f ) of 5% was applied considering that the temperature may fall below that level when AC power was lost (See Figures 5 and 6) . The battery was operating with floating charging and floating voltage, which should be lower than the maximum voltage (See Section 2.2.2). The minimum voltage of the battery was 3.0 V. However, the end of discharge voltage was 3.09 V because the minimum voltage of the DC system was 105 V (See Table 4 ). Therefore, a SOC correction factor (c f ) of 10% was applied based on the above review results and Figures 1 and 2 . When the discharge capacity reached 80% of the rated capacity through periodic discharge tests, replacing the battery was the general operation and maintenance standard in the power plants. Therefore, the age correction factor of 25% was applied. The lithium-ion battery systems suitable for the above battery capacity were selected by referring to the ESS specification of a domestic company and its specifications, which are listed in Table 5 [31] .
Battery system for non-safety related DC 125 V system: 
Equivalent Lead-acid Battery Capacity and Size
A lead-acid battery that qualified for nuclear power plant application was selected [32] and the estimated capacity and required area for battery installation was calculated. Lead-acid battery capacity sizing was performed in accordance with the Equation (4) of IEEE 485.
where F is uncorrected cell size; S is the section of the duty cycle being analyzed; N is the number of periods in the duty cycle; P is the period being analyzed; A p are the amperes required for period P; t is the time in minutes from the beginning of period P through the end of section S; k t is the ratio of rated ampere-hour capacity of the cell, to the amperes that can be supplied by the cell for t minutes at 25 • C and to a given minimum cell voltage.
The following are the ratings of lead-acid battery estimated based on the DC load profile of Table 3 . Capacity correction factor for design margin (d f ) and aging margin (a f ) are the same with lithium-ion battery;
Results and Conclusions
This paper elaborated on the charging and discharging characteristics of lithium-ion batteries in detail. Other factors affecting the determination of the capacity of the lithium-ion batteries and their characteristics were reviewed. Then, in accordance with the lithium-ion battery capacity calculation formula presented in a previous paper [1], the capacity of the battery used in the 125 V DC system of a PWR nuclear power plant was calculated and the results were compared with the existing stationary lead-acid batteries. Lithium-ion batteries have a higher energy density than lead-acid batteries. In addition, lithium ion batteries are installed in cubicles and lead-acid batteries in single-tier racks. As a result, lithium ion batteries take up much less space than lead-acid batteries as shown in the calculation results.
Where long-term DC power backup is required in the event of loss of AC power, such as nuclear power plants, it is highly recommended to apply high energy density lithium-ion batteries. However, to date, no internationally approved industrial standard has been developed for capacity calculations of stationary lithium-ion batteries. Therefore, the lithium-ion stationary battery capacity calculation formula and the factors affecting the capacity calculation result presented and assessed in this paper will help in the design and operation of lithium-ion stationary batteries. On the other hand, lithium-ion battery manufacturers also have to provide users with accurate data for the above factors.
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